INTRODUCTION
The enzymatic hydrolysis of the plant cell wall, which comprises the most abundant source of organic carbon in the biosphere, releases organic carbon that is utilized as an energy and carbon source by a range of organisms. This degradative process is thus of fundamental biological and industrial importance. A significant component of the plant cell wall is the β-1,4-xylopyranose polysaccharide xylan, which is hydrolyzed by endo-β-1,4-xylanases (xylanases) that belong mainly to glycoside hydrolase families (GHs) 10 and 11 (CAZY website http://afmb.cnrs-mrs.fr/CAZY/; (1)). These two families have different structures and catalytic properties (2) (3) (4) . GH11 enzymes are β-jelly-roll proteins in which the substratebinding groove is formed by the concave face of one of the β-sheets (see, for example, (5)) whereas GH10 xylanases are (β/α) 8 barrels with the two catalytic glutamate residues located
RESULTS AND DISCUSSION

1-Overall structures
Structure of A. nidulans xylanase (XLNC)
1 -The A. nidulans xylanase displays the typical (β/α) 8 TIM-barrel fold of GH10 xylanases (Fig. 1A) . The molecule displays a "salad bowl"
shape with an elliptical cross section at the C-terminal side of the barrel with maximum shorter and longer axis of 40 and 53 Å, respectively. The 3D structure of XLNC is similar to that of P. simplicissimum xylanase XYNA. The architecture of the cleft that runs across the barrel top is characteristic of GH10 xylan binding sites with the two conserved catalytic residues, Glu131 XLNC and Glu239 XLNC (acid-base catalyst and nucleophile, respectively), facing each other on opposite sides approximately halfway through its length. The major main-chain difference between these two enzymes occurs in the loop connecting strand β 6 to helix α 6 which constitutes the surface edge at the distal aglycone region of the substrate binding cleft. In this loop, the segment following the conserved residue His209 XLNC is longer in XLNC, resulting in a significant structural rearrangement at the extremity of the groove. A xylopentaose moiety can easily be modeled into the cleft of XLNC on the basis of the X-ray structure of the P. simplicissimum xylanase bound with xylooligosaccharides (pdb code 1B3Z) (21). 9 is lined with many aromatic amino acid residues. Although, the main architecture is conserved, XYNC shows several differences with well characterized xylanases from A. niger, Bacillus agaradhaerens and Bacillus circulans (23-25). In particular, changes are observed in the conformation of the "thumb" and in the shape of the loop linking strands A2 and B2 of the palm, two regions involved in the interaction with XIP-I (see below). The structural elements of the substrate-binding cleft are similar to other GH11 xylanases and the catalytic residues, Glu86 XYNC and Glu177 XYNC , are invariant. The dimensions of the substrate binding cleft indicates that the enzyme contains three glycone (-3 to -1) and two aglycone (+1 to +2) subsites.
2-Structural basis for the inhibition of GH10 and GH11 xylanases by XIP-I
Interaction with GH10 xylanase-The structure of the complex between XIP-I and XLNC revealed extensive interactions between the two proteins, resulting in the burial of 1130 Å 2 of accessible surface area. The two elliptical TIM-barrel scaffolds interact such that the major axis of XIP-I and XLNC are perpendicular (Fig. 1A) . XIP-I α 7 helix (232-245) interacts with the loops forming the xylanase groove through enzyme residues 46-47 (loop β 2 -α 2 ), 87-90 (loop β 3 -α 3 ), 131-146 (loop β 4 -α 4 ), and 269-281 (loop β 8 -α 8 ) ( Fig. 2A ; Table 2 which is published as supporting information on the JBC web site). Helix α 7 covers the central part of the XLNC substrate binding cleft from subsites -3 to +2, resulting in the occlusion of the active site of the enzyme. Side-chains emerging from the helix point into the heart of the cleft and occupy the four central subsites: -1 (Lys234 XIP-I ), +1 (Asn235 XIP-I ), +2 (His232 XIP-I ), -2 (Tyr238 XIP-I ), whereas Lys246 XIP-I sterically blocks access to subsite -3. Lys234 XIP-I makes a direct hydrogen bond with the acid-base catalyst Glu131 XLNC and water-mediated hydrogen bonds with the nucleophile Glu239 XLNC . In the complex, the heart of the substrate binding site is occupied by an aromatic cluster of residues from the inhibitor (Tyr237 XIP-I , Tyr238 XIP-I , carbonyl main-chain of Gly150 XIP-I interacts with Ser16 XYNC , a residue that is predicted to interact with sugar units bound to the glycone subsites (see (24, 25) In addition to the enzyme active site cleft (region 1), neighboring regions are in tight contact with XIP-I (Fig. 2B) , that includes an interaction between the 'thumb' of XYNC (region 2) and three regions of XIP-I; the inhibitory loop, loops α 5 β 6 and α 6 β 7 . This is consistent with site-directed mutagenesis studies demonstrating that the equivalent residue to Asn123 XYNC in the A. niger xylanase thumb, plays a key role in the interaction with XIP-I (13). The final enzyme region (region 3) comprises segments from strands B1, B2 and B3 facing the ∏- These protein complexes show that GH10 and GH11 xylanases interact with distinct regions of XIP-I, allowing a possible simultaneous binding of the inhibitor to both target enzymes (Fig. 3 ).
3-Determinants of Specificity of XIP-I
Kinetic studies have established that XIP-I is a strong inhibitor of fungal GH10 and GH11
xylanases, but does not inhibit any of the bacterial xylanases tested (10). The resolution of the 3-D structures of the xylanase-inhibitor complexes has identified the major structure features of these enzymes that are recognized by XIP-I. These data can be used to predict which bacterial and fungal xylanases will be inhibited by XIP-I. The validation of this prediction strategy is outlined below. (Fig. 4A) . Among the bacterial xylanases of known 3D structures, only Xyn10A from Pseudomonas fluorescens (Cellvibrio japonicus) (1CLX) was tested against XIP-I and was shown not to be inhibited (10). The lack of inhibition of this xylanase is explained by the insertions in loops β 4 -α 4 (residues 134-138) and thermocellum (pdb code 1XYZ) xylanases would also predict a lack of inhibition for these enzymes. This hypothesis is in agreement with the findings that all the fungal GH10 xylanases evaluated were inhibited by XIP-I, apart from that of Aspergillus aculeatus (10).
Specificity for GH10 xylanases-
The lack of inhibition of this fungal enzyme is consistent with two large insertions after β- In terms of molecular evolution, the fungal xylanases which, based on the present structural data, are predicted not to be inhibited by XIP-I are those produced by anaerobic fungi (e.g. niger, both inhibited by XIP-I, belong to groups I and II, respectively whereas the anaerobic fungal xylanases belong to group III along with the xylanase from the rumen bacterium
Fibrobacter succinogenes, which is uninhibited by XIP-I (10). There is a very strong similarity between different rumen fungal and bacterial glycoside hydrolases, which is believed to have occurred through horizontal gene transfer events (31).
4-Conclusions
This study shows how the peptide backbone and side chains of the wheat proteinaceous inhibitor XIP-I mimic the interaction of xylanases with oligosaccharides and occlude the active site. The inhibition strategy is novel in that XIP-I binds to two glycoside hydrolases that display a different fold at distinct locations. Substrate mimicry in the active site is a key element of the inhibition mechanism of both GH10 and GH11 xylanases. However XIP-I specificity depends on the details of the architecture of the areas delineating the substrate binding groove which vary significantly between enzymes from the same family. The structural predictions (supported by the available biochemical data) indicating that XIP-I is able to inhibit xylanases from both fungal and bacterial origin but not the corresponding wheat enzymes supports the hypothesis that the inhibitor protects the grain from pathogen attack. The structure of XIP-I resembles GH18 chitinases. Plant chitinases are "pathogenesisrelated proteins" (PRs) which exhibit rapid evolution by acting as prime targets for the coevolution of plant-pathogen interactions (32) and it is tempting to speculate that the novel function of XIP-I emerged from a class of proteins that was already overexpressed in response to pathogen attack. The intricate recognition specificities of XIP-I towards specific xylanases from both GH10 and GH11 families might be a result of plant evolution to counteract the many xylanases secreted by bacteria and fungi, similar to polygalacturonase-inhibiting 160  170  180  190  200  210 α6 β7 α7 β8 
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